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Abstract
Continuum supersymmetry is a class of models in which the su-
persymmetric partners together with part of the standard model
come from a conformal sector, broken in the IR near the TeV
scale. Such models not only open new doors for addressing the
problems of the standard model, but also have unique signatures
at hadron colliders, which might explain why we have not yet seen
any superpartners at the LHC. Here we use gauge-gravity duality
to model the conformal sector, generate collider simulations, and
finally analyze continuum gluino signatures at the LHC. Due to
the increase in the number of jets produced the bounds are weaker
than for the minimal supersymmetric standard model with the
same gluino mass threshold.
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1 Introduction
Despite years of searches for superpartners at the LHC, there have only been
rising lower bounds rather than discoveries. The constraints on gluinos are
particularly strong since they have a large production cross section, however
very large gluino masses lead to squark instabilities, the breaking of color,
and a complete failure of phenomenology. Media pundits bewail the lack of
imagination required to press on with superpartner searches, but we believe
it is completely necessary to push the existing searches as far as they can go.
On the other hand, it is also valuable to explore non-minimal supersymmetric
scenarios where the current searches may not be adequate. One interesting
possibility is that the supersymmetric sector is part of a strongly coupled
sector. There are many possibilities along these lines, but the simplest vari-
ation to explore phenomenologically is when the strong sector approaches an
IR fixed point, and some approximate conformal symmetry is manifest.
The idea that a conformal sector could manifest itself with collider sig-
natures was first made plausible by Georgi [1]. The conformal “stuff” that
one could detect in a collider was named unparticles. The unparticles ei-
ther weakly couple to the standard model (SM) [2, 3, 4, 5, 6, 7, 8, 9],
or SM particles, eg. the Higgs, are themselves part of the conformal sec-
tor [10, 11]. The basic signature is a continuum of particles; more or less
like a spectrum of particle masses too closely spaced to be individually re-
solved [12, 13, 14, 15, 16, 17]. For the SM particles—or their supersymmetric
partners—to be unparticles, the conformal sector should be broken at not-
too-low an energy. A phenomenologically plausible continuum cannot extend
all the way to the true IR since this corresponds to new massless degrees of
freedom. To preserve a conformal/unparticle signature above the breaking
scale, the conformal symmetry must be broken softly [3]. We will use the
symbol µ for the conformal breaking scale, this scale acts as a threshold for
the production of the unparticle “stuff.”
While it is hard to deal with strongly coupled conformal field theories
(CFT’s) directly, we can alternatively work in a 5D anti-de Sitter (ADS)
spacetime using the AdS/CFT correspondence [18, 19] to model such theo-
ries. According to this conjecture, fields that are part of the 4D conformal
sector correspond to propagating degrees of freedom in a 5D spacetime with
an asymptotically AdS background, while the isometries of the AdS space
correspond to the conformal symmetries of the 4D theory. In the 5D picture,
the soft breaking is achieved by a soft wall [20, 21, 22]. A soft wall, roughly,
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is a field that has a nonzero vacuum expectation value (VEV) which depends
on the fifth coordinate. As a result, the background geometry away from the
AdS boundary is deformed, hence the conformal symmetry in the dual gauge
theory is softly-broken in the IR. This is in contrast to Randall-Sundrum
(RS) models [23, 24], where the breaking is done by a hard wall, i.e. an IR
brane, which leads to Kaluza-Klein (KK) resonances in the 4D theory.
We will assume that the two lightest generations of quarks, as well as the
gauge bosons, and their superpartners, propagate in the 5D bulk. Each su-
permultiplet comes with their own soft wall and hence breaking (threshold)
scale µi. Because of SUSY, the threshold scale for each field and its super-
symmetric partner are the same. The rest of the minimal supersymmetric
standard model (MSSM) is assumed to live on a UV brane, a 4D boundary
of the 5D spacetime.
Without a SUSY breaking mechanism, the spectrum of each of the fields
is described by a zero mode and a continuum that starts at µi. To break
SUSY, one can add 4D mass terms on the UV brane, with a scale ∼MSUSY ,
so that the zero modes of the superpartners are no longer degenerate with
the SM fields. In particular, by varying the SUSY breaking mass, the zero
mode of the superpartner can be lifted until it merges with the continuum.
To explore the collider phenomenology of these conformal/unparticle su-
perpartners, it is easiest to approximate them by towers of closely spaced
particles [25, 26]. In theories with AdS duals, these particles are KK modes.
The spacing of the KK modes is determined by the position of an IR regula-
tor brane. If the regulator brane is taken to infinity, the KK modes merge to
form a continuum. In the KK approximation, we deal with normal particles
that are produced and subsequently decay. The production and decay am-
plitudes of the individual KK particles will depend directly on the location
of the IR brane. Since the IR brane is just a regulator, we need to suitably
sum over KK modes to find regulator independent quantities.
In particular, we are interested in the production and the decay of con-
tinuum gluinos. Once a pair of highly excited KK gluinos are produced, each
of them can decay to a quark and a KK squark. Now if the KK squark is
heavier than the lightest KK gluino, it can further decay to a second KK
gluino and a quark. This gives us a chain decay until the lightest KK gluino
or squark is produced. In this work, we will assume that the zero mode of a
neutral SUSY-ino is the lightest supersymmetric particle (LSP) and that it
has a mass below the continuum mass gap of the KK squarks and gluinos,
such that the lightest KK squark (gluino) at the end of the decay chain can
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further decay into SM quark(s) and the LSP. At the detector level, therefore,
the typical signature is jets with high multiplicities and missing transverse
energy.
In section 2 we will lay out the necessary 5D field theory technology and
discuss how one obtains the effective 4D theory. In section 3 we analyze the
production and decay of gluino KK modes. In section 4 we will discuss the
signatures of the gluino continuum that one would expect to see at the LHC.
Finally, in section 5 we present our outlook for the continuum supersymmetry
and discuss possible applications to other models. In Appendix. A we give a
brief review of the AdS/CFT correspondence and in Appendix B we discuss
the relation between the regulated KK tower and its continuum limit.
2 Review of Super-Multiplets in AdS5
Through the AdS/CFT correspondence[18], we can model a 4D conformal
theory using a 5D AdS spacetime (for more details see Appendix. A). The
5D metric is
ds2 =
(
R
z
)2
(ηµνdx
µdxν − dz2) , (2.1)
where R is the curvature radius, z the fifth coordinate, and ηµν the flat
Minkowski metric with signature (+ − −−). The space is cut off by a UV
brane, which for simplicity we will set at zUV = R.
Since 5D fermions cannot be chiral, a 5D N = 1 supermultiplet neces-
sarily contains two 4D chiral superfields Φ = {φ, χ, F} and Φc = {φc, ψ, Fc},
where the Weyl fermions χ and ψ form a 5D Dirac fermion [27].
For the matter fields, the bulk 5D AdS action takes the form [28]
Smatter =
∫
d4xdz
{∫
d2θd2θ¯
(
R
z
)3
[Φ∗Φ + ΦcΦ∗c ]
+
∫
d2θ
(
R
z
)3
[
1
2
Φc∂zΦ− 1
2
∂zΦcΦ +m(z)
R
z
ΦcΦ] + h.c.
} (2.2)
where m(z)R = c+µz. Through the AdS/CFT dictionary, c is related to the
scaling dimension of the dual fields. For the left-handed (LH) fermion, χ, we
have df = 2−c, and for the scalar φ , ds = 3/2−c. For the right-handed (RH)
fermion ψ and φc, the scaling dimensions are given by c → −c. Note that
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the relation df = ds + 1/2 is required if these fields form a superconformal
multiplet [29].
The z-dependent part of the mass, µz, generates a mass gap for the
continuum [30]. It violates 5D Lorentz invariance and half of the SUSY but
the 4D Lorentz Invariance and 4D N = 1 SUSY is preserved.
Expanding the superfields one gets
Smatter =
∫
d4x
∫
dz
(
R
z
)3 {
[∂µφ∂
µφ∗ − iχ¯σ¯µ∂µχ+ FF ∗ + ∂µφc∂µφ∗c − iψ¯σ¯µ∂µψ + FcF ∗c ]
+ [
1
2
(φc∂zF + Fc∂zφ− χ∂zψ − F∂zφc − φ∂zFc + ψ∂zχ)
+
m(z)R
z
(φcF + Fcφ+ χψ) + h.c.]
}
(2.3)
where the lowering and raising of the index is with respect to the metric ηµν .
By varying the bulk action with respect to each field, one can obtain
their equations of motion. The bulk fields are decomposed as a product of a
4D field and a 5D profile (the LH and RH fermions χ, ψ in (2.3) have been
rescaled by (z/R)1/2) [30]:
χ(p, z) = χ4(p)(
z
zUV
)2fL(p, z) , φ(p, z) = φ4(p)(
z
zUV
)3/2fL(p, z) , (2.4)
ψ(p, z) = ψ4(p)(
z
zUV
)2fR(p, z) , φc(p, z) = φc4(p)(
z
zUV
)3/2fR(p, z) , (2.5)
where χ4, ψ4 solve the 4D Dirac equation,
− iσ¯µ∂µχ4 + pψ¯4 = 0, −iσµ∂µψ¯4 + pχ4 = 0. (2.6)
In terms of the 5D profiles, the equation of motion reads:
pfL +
(
∂z − m(z)R
z
)
fR = 0 , pfR −
(
∂z +
m(z)R
z
)
fL = 0 . (2.7)
The normalization of the fields is given by∫ zIR
zUV
dz|fL|2 =
∫ zIR
zUV
dz|fR|2 = 1. (2.8)
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For convenience we will denote the normalization factors by NL,R such that
fL(p, z) =NL(p)fL(p, z) ,
fR(p, z) =NR(p)fR(p, z) .
(2.9)
We will make the f’s dimensionless, and, from (2.8), the dimension of NL,R
is 1/2.
For the zero modes, p = 0, there exist solutions of the form
f0L ∼ e−µz
( z
zUV
)−c
, f0R ∼ eµz
( z
zUV
)c
. (2.10)
The normalization of the LH zero modes is then given by
NL(0) =
(
2−1+2cµ−1(zUV µ)2cΓ(1− 2c)
)−1/2
. (2.11)
Note that for µ > 0, only f0L is finite in the IR. Later on, we get rid of the
RH zero mode by imposing the boundary condition Φc|=0, so that the LH
zero mode can be interpreted as the SM fields.
For non-zero mode solutions, we combine (2.7) and find[
∂2z + p
2 − µ2 − 2µc
z
− c(c+ 1)
z2
]
fL = 0 , (2.12)[
∂2z + p
2 − µ2 − 2µc
z
− c(c− 1)
z2
]
fR = 0 . (2.13)
The solutions are linear combinations of Whittaker functions [31],
fL(p, z) =AM(κ,
1
2
+ c, 2
√
µ2 − p2z) +BW (κ, 1
2
+ c, 2
√
µ2 − p2z) ,
fR(p, z) =− A2c(1 + 2c)
√
µ2 − p2
p
M(κ,−1
2
+ c, 2
√
µ2 − p2z)
−B p
µ+
√
µ2 − p2W (κ,−
1
2
+ c, 2
√
µ2 − p2z) ,
(2.14)
where
κ ≡ −cµ√
µ2 − p2 . (2.15)
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In terms of fL and fR (2.9), we have
fL(p, z) =M(κ,
1
2
+ c, 2
√
µ2 − p2z) + b(p)W (κ, 1
2
+ c, 2
√
µ2 − p2z) ,
fR(p, z) = −2c(1 + 2c)
√
µ2 − p2
p
M(κ,−1
2
+ c, 2
√
µ2 − p2z)
− b(p) p
µ+
√
µ2 − p2W (κ,−
1
2
+ c, 2
√
µ2 − p2z) .
(2.16)
The boundary condition at the UV brane fixes the remaining coefficient.
As mentioned above, we eliminate the RH zero modes by imposing a Dirichlet
boundary condition for the RH fields at this brane. This gives
b(p) = −M(κ,−
1
2
+ c, 2
√
µ2 − p2zUV )
W (κ,−1
2
+ c, 2
√
µ2 − p2zUV )
2(1 + 2c)
√
µ2 − p2
µ−√µ2 − p2 . (2.17)
2.1 Gauge Fields
In the gauge sector, a 5D N = 1 vector superfield can be decomposed into
a 4D vector superfield V = {Aµ, λ1, D} and a 4D chiral superfield σ =
{(Σ+ iA5)/
√
2, λ2, Fσ}[27]. Because of 5D Gauge invariance, a z−dependent
bulk mass can no longer be introduced to break the CFT. One way to achieve
a similar effect is to introduce a dilaton interaction in the bulk [30]:
SA =
∫
d4x dz
R
z
{1
4
∫
d2θWαW
αΦ + h.c.
+
1
2
∫
d4θ
(
∂zV − R
z
(σ + σ†)√
2
)2
(Φ + Φ†)
}
,
(2.18)
where the scalar component of the dilaton field Φ acquires a VEV 〈Φ〉 = e−2µz
g25
.
After expanding the superfields in Wess-Zumino gauge, we find
SA =
∫
d4xdz
R
z
e−2µz
{
− 1
4
F aµνF
µνa + iλ†a1 σ¯
µDµλ
a
1 +
1
2
DaDa − 1
2
(∂zAµ)
2
+ (
R
z
)2
[1
2
(∂µΣ)
2 − 1
2
(∂µA5)
2 + iλ†2σ¯
µ∂µλ2 + F
∗
σFσ
]
+ (
R
z
)
[
λ2∂zλ1 + λ
†
2∂zλ
†
1 − ∂zAµ∂µA5 − Σ∂zD
]}
,
(2.19)
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where Dµλ
a
1 = ∂µλ
a
1 − g5fabcAbµλc1, and g5 is the 5D gauge coupling, with
mass dimension −1/2.
As shown in [30], the solutions to the bulk equations of motion can be
decomposed into a 4D field multiplied by the z−dependent profile1,
λ1(p, z) = λ4(p)e
µz(
z
zUV
)2hL(p, z) , Aµ(p, z) = Aµ4(p)e
µz(
z
zUV
)1/2hL(p, z) ,
λ2(p, z) = λ
′
4(p)e
µz(
z
zUV
)2hR(p, z) , Σ(p, z) = Σ4(p)e
µz(
z
zUV
)3/2hR(p, z) ,
(2.20)
where hL,R are simply fL,R (2.14) evaluated at c = 1/2. We again define
hL(p, z) = NL(p)hL(p, z) , (2.21)
hR(p, z) = NR(p)hR(p, z) , (2.22)
where hL,R are fL,R (2.16) evaluated at c = 1/2. The normalization is found
by imposing ∫ zIR
zUV
dz|hL|2 = 1 . (2.23)
One can for example check that the gauge boson zero mode
A0µ = A
0
µ4(p)e
µz(
z
zUV
)1/2h0L(p, z) , (2.24)
is indeed flat as required by gauge invariance.
2.2 SUSY Breaking
In the real world, supersymmetry must be broken, so we must preserve the
zero modes of the chiral fermions (which are the SM quarks and leptons) while
giving masses to lift the zero mode scalars in order to split the supermultiplet.
Following the discussion in [30], for the matter fields, we introduce SUSY
breaking on the UV boundary by a scalar mass term:
δS =
1
2
∫
d4xdz
(
R
z
)3
(M2SUSY zUV φ
∗φ+ h.c.)δ(z − zUV ) . (2.25)
1λ2 has been rescaled by (
z
R )
1/2 and λ1 has been rescaled by (
z
R )
3/2
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This modifies the boundary condition for the auxillary field F :
Fc(zUV ) = M
2
SUSY zUV φ
∗(zUV ) , (2.26)
and therefore,
pfR(p, zUV )−M2SUSY zUV fL(p, zUV ) = 0 . (2.27)
Given MSUSY , the modified UV boundary condition together with the
Dirichlet IR boundary condition for the RH fields determine the mass of the
lifted zero mode.
In order to mimic the behavior of an unparticle, we can lift the mass
of the zero mode anywhere above µf , by tuning the SUSY breaking mass.
However, for operational simplicity, we will choose the case where the lifted
zero mode acquires a mass just below the threshold µf . That is, we take
p ≈ µf − , where  µf . For µf = 1 TeV, c = 0.45,zUV = 10−3 TeV−1, we
obtain MSUSY ≈ 2.8 TeV.
To break SUSY for gauge supermultiplets, we need to add a Majorana
mass on the UV brane [30],
δS =
∫
d4xdz
(
R
zUV
)4
(M ′SUSY λ1λ1 + h.c.)δ(z − zUV ) . (2.28)
This modifies the UV boundary condition for the gauginos,
hR(p, zUV ) = M
′
SUSY zUV hL(p, zUV ) . (2.29)
For the gluino, we again choose a breaking mass such that the zero mode
gluino merges with the continuum. As an example, for µ = 1 TeV, c =1/2,
zUV = 10
−3 TeV we have M ′SUSY = 5.7 TeV.
The required SUSY breaking mass depends on the scaling dimension of
the fields through c. For 0 < c < 1/2, MSUSY increases as c decreases. Since
we need c = 1/2 for the gauge supermutliplet, in order for MSUSY in the
matter sector to be of the same order as M ′SUSY in the gauge sector, we
choose c ≈ 1/2 in the matter sector. The benchmark value that we have
used in all of our plots and simulations is c = 0.45.
2.3 Lightest Supersymmetric Particle
For this work we assume that the LSP is the lifted bino zero mode, which
takes a similar form to the gluino zero mode:
B˜0(mχ, z) = χ˜ e
µbz(
z
R
)2h0L(mχ, z) . (2.30)
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where up to normalization constant,
h0L(p, z) = e
−z
√
µ2b−p2(z
√
µ2b − p2)1+cU(1+c−κ, 2+2c, 2z
√
µ2b − p2) (2.31)
The 4D field, which we have called χ˜, is the LSP, while µb is the threshold
scale for the hypercharge sector.
Unlike the gluino and squarks, we assume for the sake of simplicity in
the simulations that the lifted zero mode of the bino does not merge with
its continuum. Fig. 1a shows M ′SUSY as a function of the zero mode mass
of a bino. Fig. 1b shows an example of the zero mode profile with a SUSY
breaking mass approximately equal to 4 TeV. The lifted zero mode is clearly
peaked on the UV brane.
2.4 Deconstructing the Continuum
The spectrum of each field consists of a zero mode and a continuum starting
at µ. As discussed in the introduction, we approximate the continuum with
a tower of particles. In the literature, this is known as deconstruction [25, 26]
of the continuum (also see Appendix B). In the 5D AdS spacetime, we can
introduce an IR brane as a regulator and impose Dirichlet and Neumann
boundary conditions for the RH and LH fields respectively. Then the 4D
effective action is found by substituting the 5D field by a sum over the infinite
KK modes. For example, the gluino, denoted by g˜, has a profile like λ1 in
(2.20), i.e.
g˜(x, z) =
∑
n
g˜n4 (x)e
µgz
( z
zUV
)2
Ng˜n(µg,mg˜n)hL(mg˜n , z) . (2.32)
Where g˜n4 (x) are the 4D fields , hL is given by (2.16) evaluated at c = 1/2,
and the normalization Ng˜n is fixed by (2.23). The mass spectrum is found
by imposing
hR(mg˜n , zIR) = 0 . (2.33)
The same equation is imposed on every super-multiplet in the 5D theory.
The spectrum of each field then consists of a zero mode (which exists even
without an IR brane) plus an infinite tower of KK modes with masses starting
at the corresponding threshold µi, with a spacing roughly given by pi/zIR.
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Figure 1: Top panel shows the SUSY breaking mass as a function of the zero
mode mass for the bino. Bottom panel shows a normalized zero mode profile
with M ′SUSY ≈ 4 TeV.
For KK modes far from the threshold we can approximate the masses by
m2n ≈ µ2 +
(
1
4
+ n
)2
pi2/z2IR . (2.34)
SUSY breaking changes the boundary conditions, and the mass spectrum,
however, since M2SUSY zUV  O(1TeV), the KK modes’ wave-functions, and
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hence the continuum spectra, are well approximated by the formulae without
SUSY breaking. The main effect of SUSY breaking in these models is to
simply lift the zero modes of the superpartners [30].
3 Production and Decay of KK modes
In this section we consider production of the gluino continuum at the LHC
and the subsequent decays. The process that we are interested in is shown
in Fig. 2, where g˜ is part of the gluino continuum.
The decays of the KK gluinos are calculated in ref. [32], which we briefly
review here. We also demonstrate how the decays are independent of the
choice of the regulator zIR as long as µgzIR  1. The main result of this
g˜
g˜
Figure 2: Pair production and decay of gluino continuum at the LHC. The
red lines correspond to LSP.
section is that, using detailed calculations, we show that a typical decay chain
for KK gluino is similar to the process depicted in Fig. 3.
q˜m
q0
g˜k
q0
q˜
q0 q0
g˜n χ
Figure 3: Typical KK gluino decay. Double-dash means offshell squarks.
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Figure 4: Cross section of pair production of gluino continuum as a function
of µ.
3.1 Production of a Gluino Continuum
We choose the standard spectral density normalization such that
∫
ds ρ(s) =
1 [9, 33]. We have checked that for our normalization choice (2.23) this is
satisfied. In the KK picture, the gluon’s coupling to two KK gluinos are
diagonal in KK modes, therefore, the production of one pair of KK gluinos
takes the same form as the production of MSSM gluinos of the same mass,
which will be denoted as σn. To get the production cross section of a gluino
continuum, we need sum σn carefully. Since the number of KK modes in
the sum depends on the IR regulator, we must take into account of the
dependence of the mass of the KK gluino on the KK number. Applying
chain rule:
σ =
∑
n
σn =
∑
n
∆n
∆σn
∆mn
∆mn
∆n
(3.1)
Taking derivative of (2.34) gives us an estimate of ∆mn
∆n
. Therefore,
σ =
∑
n
(
pi∆n
zIR
)
∆σn
∆mn
√
1− µ
2
m2n
(3.2)
In the continuum limit,
σ →
∫ Emax
µ
dm
dσn
dm
√
1− µ
2
m2
≡
∫ Emax
µ
dm
dσ
dm
(3.3)
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where we took (pi∆n
zIR
) ≈ ∆m → dm. Emax is determined by the partonic
center of mass energy reached in a given experiment. The collider cross
section must include the convolution with initial parton densities.
Fig. 4 shows the cross section for pair production of gluino continuum as
a function of µ at the LHC with
√
s = 13 TeV.
3.2 2-Body Decay of KK Gluinos
A KK gluino couples to KK squarks and KK quarks. The coupling can be
found by gauging the matter action and requiring SUSY invariance, and is
given by
Lint =
∫
d4xdz
(
R
z
)3 ∫
dθ4Φ∗eg5T
aV aΦ
⊃
∫
d4xdz
(
R
z
)3
g5√
2
(g˜†aq†T aq˜ + h.c.) (3.4)
The KK couplings are then found by applying the field decompositions as in
(2.32). Let us first examine the coupling between a KK gluino, a KK squark,
and a SM quark. The relevant term in the Lagrangian is
Lint ⊃ g5√
2
T a
∑
n,m
c1(mg˜n ,mq˜m)¯˜g4(pm)q˜4(kn)q¯
0
4(kn − pm) , (3.5)
where the vertex coefficient can be read off as:
c1(mg˜n ,mq˜m) =N ∗g˜ (µg,mg˜n)N ∗q (µf , 0)Nq˜(µf ,mq˜m)×∫ zIR
zUV
dz
( z
R
)1/2
e(µg−µf )z
( z
zUV
)−c
fL(mq˜m , z)
∗hL(mg˜n , z) .
(3.6)
For a typical KK gluino, we plot its couplings with different KK squarks and
a SM quark in Fig. 5.
Because of the factor exp(µg − µf ), the coupling diverges for µg > µf .
There is nothing wrong with this choice of parameters, this divergence signals
that the coupling becomes strong in the IR and hence a simple AdS calcula-
tion becomes unreliable. To keep things simple, we stick to the case µf > µg
in this paper. Fig. 6 shows the KK spectra for the gluino and squark for
different choices of zIR. As we mentioned before, the mass spacing is roughly
proportional to pi/zIR.
13
● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ●
●
●
●
●
●
●
●
●
●
●
●
● ● ● ●
     







  	
 ()



˜
->
˜
 = [] = [] =
Figure 5: The coupling (3.6) between the 20th KK gluino, zero mode quark,
and KK squarks, with zIR = 0.1 GeV
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Figure 6: Gluino and squark KK spectrum.
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It was also shown in [32] that the biggest contribution to the decay comes
when the intermediate particle is produced on-shell. Therefore, once a highly
excited (n 1) KK gluino is produced, it undergoes 2-body decay to a lighter
KK squark and a SM quark, and the KK squark can further decay to a lighter
KK gluino and a SM quark, and the decay continues until the last KK gluino
that can no longer decay to any KK squarks on-shell. We address how these
lighter states decay in the next subsection.
In the rest frame of the gluino, the partial width for the g˜m → q0Lq˜∗nL
decay is given by
Γg˜n→q˜mu =
mg˜n
32pi
(
1− m
2
q˜m
m2g˜n
)2
g25Tr[T
aT a]|c1(mg˜n ,mq˜m)|2 (3.7)
where T a are the SU(3) generators in the fundamental representation and
Tr[T aT a] = 1
2
. For KK gluinos that can decay to KK squarks on-shell, the
2-body decay above will be the dominant contribution to their total widths.
Hence, the branching ratio for a given KK gluino decaying to the mth squark
is approximately
BR(g˜n → q˜m) = Γg˜n→q˜mu∑
m Γg˜n→q˜mu
(3.8)
where the summation is over the kinematically allowed KK squark states.
In Fig. 7, we show examples of the branching ratios of the same gluino with
different choices of zIR. As we can see, the mother particle has a higher
probability of decaying to the KK mode with a mass close to its own mass,
but not to the KK modes with very small mass differences since there is
a phase space suppression in the final state. While the partial widths are
zIR dependent, the branching fraction for the mother gluino to decay to the
KK modes in an fixed energy interval remains the same; this is the physical,
regulator-independent, quantity we are looking for.
We also observe that the total decay width of the gluino decreases as
zIR increases. This is because that the normalization for each regulated KK
mode is proportional to ∆ = 1/zIR [26]. As a result, the KK gluino’s partial
width to a KK squark and a zero mode quark is proportional to ∆2, whereas
the total width of the gluino should be proportional to ∆ since there are
roughly 1/∆ KK states that it can decay to.
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Figure 7: Examples of decay probabilities of one KK gluino with mass > µf ,
decaying to the zero mode quark and a lighter KK squark. The branching
ratios for different choices of zIR: 0.1 GeV
−1 (blue), 0.2 GeV−1 (red), and
0.3 GeV−1 (pink) are shown. The subplot shows the decrease in the total
decay width as zIR is increased.
3.3 2-Body Decay of KK Squarks
Turning our attention to KK squarks, we find a similar behavior in their
decays to KK gluinos. The coupling is given by (3.6) and is plotted as a
function of the KK number for the gluino in Fig. 8. The decay width is given
by
Γq˜m→g˜nu =
mq˜n
32pi
(
1− m
2
g˜m
m2q˜n
)2
g25Tr[T
aT a]|c1(mg˜m ,mq˜n)|2 . (3.9)
Furthermore, the squark can decay to a quark together with other electroweak-
inos, namely bino, zino, and wino. For simplicity, we will assume that the
threshold for the electroweak sector is of order of few TeV, though it is not
necessarily excluded at lower values. We further assume that the zero modes
for the superpartners are all merged into their continua except the bino,
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Figure 8: The coupling (3.6) between the 12th KK squark, zero mode quark,
and KK gluino, with zIR = 0.1GeV
−1.
which will play the role of the LSP in our model. The coupling of the KK
squark to a bino and a SM quark is given by
Lint =
∫
d4xdz
√
gg′5[B˜
†q†Y q˜ + h.c.]. (3.10)
g′5 can be related to 4D electroweak coupling by noting that 5D photon
couples to leptons that are localized on the UV brane by
Lint =
∫
d4xdz
√
gg′5
( z
R
)
δ(z − zUV )l¯γµAµl . (3.11)
After substituting the zero modes and doing the integral we find:
g′5
2
= g2wR[log
1
2Rµb
− γE] . (3.12)
The bino zero mode takes a similar form to the zero mode gluino
B˜0(p, z) = χ˜eµbz(
z
R
)2h0L(mχ˜, z) , (3.13)
where h0L is given by (2.31). The 4D field χ˜ is the LSP.
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Figure 9: Branching ratio of KK squark decaying to a SM quark and LSP as
a function of LSP mass.
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Figure 10: Examples of decay probabilities of a KK squark with mass > µg,
decaying to the zero mode quark and a lighter KK gluino. The BR is plotted
for different choices of zIR: 0.1 GeV
−1 (blue), and 0.2 GeV−1 (red).
After substituting the bino zero mode and quark zero mode and squark
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KK mode profiles into (3.10), we find
Lint = g′5Y
∑
n
c2(mq˜n ,mχ)q˜n(p)χ¯(k)q
0(k − p) , (3.14)
with
c2(mq˜n ,mχ) = Nq˜(µf ,mq˜n)Nq(µf , 0)Nχ(mχ)×∫
dz(
R
z
)5[(
z
R
)3/2fL(mq˜n , z)][(
z
R
)2e−µf z(
z
zUV
)−c][eµbz(
z
R
)2hL(mχ, z)]
= Nq˜(µf ,mq˜n)Nq(µf , 0)Nχ(mχ)×∫
dz(
z
R
)1/2e(µb−µf )z(
z
zUV
)−cfL(mq˜n , z)hL(mχ, z) , (3.15)
where we approximated the zero mode profile by
hL(mχ, z) ≈
( z
zUV
)−1/2
e−µbz . (3.16)
The zero mode bino normalization is the same as that of photon, so we have
the relation g′5Nχ = gw. Due to the fact that the zero mode bino is localized
close to the UV brane, its coupling to KK squarks is very small, thus the
squark’s decay to the LSP is negligible, as shown in Fig. 9. In Fig. 10 we
show the decay probability of a given KK squark to KK gluinos with smaller
masses.
3.4 3-Body Decay of a Light KK Gluino
The KK gluinos that are lighter than the lightest KK squark can no longer
decay to on-shell KK squarks. Instead, they decay to two SM quarks and a
bino (LSP) or a lighter KK gluino via off-shell KK squarks. For calculational
purposes, it is easier to use the 5D holographic propagator for the squark
instead of summing over infinite number of off-shell KK squarks. The 5D
squark propagator [21] (the Neumann propagator) is given by
iP (p, z, z′) = θ(z′ − z)[ΣFK(p, z)K(p, z′)− S(p, z)K(p, z′)] + (z ↔ z′) ,
(3.17)
where ΣF is the kinetic term calculated in Appendix A. The holographic
profile, K is given by
K(p, z) = (
z
zUV
)
3
2
W (κ, 1
2
+ c, 2
√
µ2f − p2z)
W (κ, 1
2
+ c, 2
√
µ2f − p2zUV )
. (3.18)
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The other function, S, is
S(p, z) =(
z
zUV
)
3
2
1
2
√
µ2f − p2
Γ(1 + c− κ)
Γ(2 + 2c)(
M(κ,
1
2
+ c, 2
√
µ2f − p2z)W (κ,
1
2
+ c, 2
√
µ2f − p2zUV )
−W (κ, 1
2
+ c, 2
√
µ2f − p2z)M(κ,
1
2
+ c, 2
√
µ2f − p2zUV ) .
)
(3.19)
We will first look at the decay of gluinos to lighter gluinos and next to the
LSP.
3.4.1 g˜n → q0Lq¯0Lg˜m
The decay g˜n → q0Lq¯0Lg˜m via off-shell KK squarks has been worked out in
[32]. The diagram representing this process is shown in fig. 11.
q˜
g˜n g˜mz z′
q0
q0
→ g˜n
g˜m
q0
q0
v1
Figure 11: g˜n → q0Lq¯0Lg˜m effective vertex (right) from the propagation of
squark in 5D (left)
Integrating over the fifth dimension we find an effective interaction in the
4D theory between two different KK gluinos and two zero mode quarks,
v1(mg˜n , q,mg˜m) =N 2q (µf , 0)Ng˜(µg,mg˜n)Ng˜(µg,mg˜m)∫ zIR
zUV
dz
( z
zUV
)−1−c
e(µg−µf )zhL(mg˜n , z)
×
∫ zIR
zUV
dz′
( z′
zUV
)−1−c
e(µg−µf )z
′
hL(mg˜m , z
′)P (q, z, z′) ,
(3.20)
where q is the momentum carried by the squark, which is equal to the sum
of the momentum of the mth gluino and the second outgoing quark. Note
that the mass dimensions are: [g5] = −1/2, [N ] = 1/2, [hL] = 0, and
20
[P (q, z, z′)] = −1; so the dimension of the [g25v1] = −2, which is the dimension
of a propagator.
The decay rate is given by
dΓ3(g˜
n → q0Lq¯0Lg˜m)
dEu
=g45|v1(mg˜n , q,mg˜m)|2×
E2u(2Eumg˜n −m2g˜n +m2g˜n)2
32mg˜n(mg˜n − 2Eu)pi3
1
8
Tr[T aT bT bT a]
(3.21)
where Tr[T aT bT bT a] = CAC
2
F = 16/3 for SU(3).
3.4.2 g˜n → q0Lq¯0Lχ˜0
To estimate the 3-body decay width involving the LSP, we assume that the
LSP is mainly a zero mode bino B˜0. The effective 4D vertex is obtained
by propagating the final and initial particles into the bulk and connecting
the squark-quark-bino vertex to squark-quark-gluino vertex by squark 5D
propagator. The diagram representing this process is shown in Fig. 12. The
q˜
g˜n χz z′
q0
q0
→ g˜n
χ
q0
q0
v2
Figure 12: g˜n → q0Lq¯0Lχ˜0 effective vertex (right) from the propagation of
squark in 5D (left)
calculation of the differential decay width is similar to that of section 3.4.1.
In the rest frame of the gluino,
dΓ3(g˜
n → q0Lq¯0Lχ˜0)
dEu
=g25g
′2
5 |v2(mg˜n , q,mχ˜)|2×
E2u(2Eumg˜n −m2g˜n +m2χ˜)2
32mg˜n(mg˜n − 2Eu)pi3
1
8
Tr[T aT a]Y 2 ,
(3.22)
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where Eu is the energy of the first outgoing quark, and
v2(mg˜n , q,mχ˜) =N 2q (µf , 0)Ng˜(µg,mg˜n)Nχ˜(µb,mχ˜)∫ zIR
zUV
dz
( z
zUV
)−1−c
e(µg−µf )zhL(mg˜n , z)
×
∫ zIR
zUV
dz′
( z′
zUV
)−1−c
e(µb−µf )z
′
hL(mχ˜, z
′)P (q, z, z′) .
(3.23)
Note that the mass dimension [g5g
′
5v2] = −2, as it should be.
Fig. 13 shows an example of the differential decay width of a KK gluino of
1.55 TeV mass, decaying to a neutralino. Integrating this differential decay
allows us to find the partial width of a KK gluino’s decay to the LSP. We
want to investigate how the branching ratio of the gluino decaying to less
massive gluinos compares to its decay to a neutralino. Fig. 14 shows that
these light gluinos predominately decay to LSP.
Let us finish this section by making a comment on the total decay width
and decay length of the unparticle. As observed previously (see fig. 7 for
example), the decay width of each KK particle is regulator dependent, and
falls as a function of 1/zIR. As we approach the continuum by taking zIR →
∞, each KK mode’s decay width vanishes (and the decay length diverges).
As a result, one might suspect that the continuum unparticles will not decay
at all. This is in fact incorrect. In the continuum limit, the individual KK
modes are not observable objects. Similar to cancelation of IR divergences
in QED or QCD, and similar to our argument regarding the production of
KK modes in section 3.1, we need to sum the KK particles over some energy
range to find the decay width of the continuum unparticle. We can either
sum over all the energies bigger than the threshold, µ, to find the total decay
width of the unparticle, or, if the unparticle is produced at a given energy,
sum over an energy range dictated by the experiment. In both cases, as we
remove the IR regulator by taking zIR → ∞, the number of KK modes in
an energy interval increases as the decay width of each of them decreases,
rendering a finite result for the decay width of the unparticle.
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Figure 13: Three body differential decay width for the KK gluino of 1.55
TeV as a function of the energy of the first outgoing quark.
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Figure 14: Examples of decay probabilities of a KK gluino with mass < µf
for different choices of zIR: 0.1 GeV
−1 (blue), and 0.2 GeV−1 (red). The
small graph shows the probability of its decay to LSP, which is assumed to
be massless.
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4 Gluino Continuum at the LHC
In this section, we initiate a collider study for gluino continuum decays.
We want to investigate whether the gluino continuum reveals itself differ-
ently compared to the MSSM gluino at the LHC. Specifically, we focus on a
benchmark with a gluino continuum threshold of µg = 1.5 TeV. The NLO
cross section of pair producing the gluino continuum is estimated to be 6 fb
at the LHC with 13 TeV center of mass energy, which is comparable to the
pair production cross section of a MSSM gluino with a mass of 1.65 TeV.
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Figure 15: Normalized distributions of number of light quarks emitted in
the decay of one KK gluino (a) and KK gluinos in an energy window (b)
for different choices of zIR. On the right panel the number of KK modes
contained in the chosen energy window is one (three) for zIR = 0.1GeV
−1
(0.2 GeV−1).
In order to simulate the signal, we need to pick a regulator zIR so that the
gluino continuum can be approximated by a finite KK tower with its upper
limit set by the energy reach of the LHC. Fig. 15 compares the number of
light quarks emitted in the decay of an individual KK gluino for different
choices of zIR. The decay is performed step by step according to the KK
gluino’s and subsequent squark’s branching ratios, as explained in Section 3.
As shown in Fig. 15b, the distribution is almost identical if we sum the
KK modes contained in an energy interval instead of just considering one of
them (15a). This observation is in accord with the discussion at the end of
Section 3 and led us to using zIR = 0.1 GeV
−1 for our simulations which
should provide a very good approximation to the continuum result.
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Figure 16: Differential cross section of pair producing gluino continuum with
µg = 1.5 TeV at the LHC with 13 TeV. The right panel is a discrete estimate
of the left panel, where the first 20 KK modes make up & 85% of the total
cross section.
With zIR = 0.1 GeV
−1, we see in Fig. 16b that the first 20 KK modes
make up & 85% of the total cross section of the chosen benchmark, therefore,
we approximate the gluino continuum as the sum of the first 20 KK gluinos.
Under these assumptions, we can simulate the production and the decay of
each KK mode independently, with the sum of modes mimicing the behavior
of a gluino continuum at the LHC. As we shall see, the phenomenology of the
gluino continuum is basically determined by two parameters, the threshold
µg(< µf ) and the LSP mass, mχ0 .
If µf  µg, the KK modes that “constitute” the continuum undergo
3-body decays via off-shell continuum squark. For the highly excited KK
gluino, there exists a competition between its decay to a lower gluino KK
mode +jets and its decay to the LSP + jets. This largely depends on the
LSP mass, mχ0 . If mχ0  µg, the entire KK gluino tower decays promptly to
χ0+ jets, because the KK modes’ decays amongst themselves are much more
suppressed due to a smaller phase space. The LHC signature for this scenario
will be very similar to that of MSSM gluino with a mass & µg, hence fairly
well constrained by the standard Jets + Missing Transverse Energy (MET)
searches [34]. If mχ0 . µg, the higher KK modes can undergo cascade decays
via the lower KK modes and the lower KK modes can have a macroscopic
lifetime! Displaced vertex searches with multiple jets [35] may be sensitive
to this special corner of parameter space.
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4.1 Benchmark Study
If µf & µg, KK gluinos undergo long cascade decays as discussed in sec-
tion 3. To investigate its LHC phenomenology, we perform a detailed study
for a gluino continuum with a threshold of µg = 1.5 TeV accompanied by
four species of squarks (u˜, d˜, c˜, s˜) of µf = 1.55 TeV. We will compare this
benchmark with a MSSM gluino of mg˜ = 1.65 TeV so that the production
cross sections of MSSM gluino is roughly the same as the gluino continuum.
We will present the result for three different LSP mass, 0.1, 0.5, and 1.2 TeV.
We use MadGraph5 [36] to generate the parton level events, that is, the
production of the first two KK gluinos. We then decay each gluino, step
by step according to KK gluino and subsequent squark’s branching ratios,
examples of which are given in Section 3. We then pass the final particles
to PYTHIA 8 [37] for showering and hadronization. Finally, the detector
simulation is done using DELPHES 3 [38].
Fig. 17a to 17c compare the number of jets with pT > 30 GeV and
|η| < 2.4 for continuum and MSSM gluinos with three difference choices of
LSP mass . As expected, the continuum signal typically has more jets due to
the long cascade decays. Accordingly, as shown in Fig. 17d to 17f, the average
jet energy in the continuum case is smaller. The initial gluino, whether it is
an MSSM gluino or a (regulated) KK gluino, before its decay carries similar
amount of energy for both cases, so the more jets found in the final state, on
average the less energy each of them must have.
We also observe that as the mass of the LSP increases, the difference
between the mean jet energy of the continuum case and the MSSM decreases.
The jets from the 2-body decays in the cascade of the gluino continuum are
far less energetic compared to the jets from the 3-body decay g˜ → χ˜0jj,
which occurs at the end of the decay chain for the gluino continuum. The
MSSM gluino, on the other hand, can only decay via the 3-body process, and
as the LSP gets heavier, the 3-body jets get less and less energetic, hence
their average is closer to the mean jet energy in the continuum case, as can
be seen in Figs. 17d to 17f.
Fig. 18a to Fig. 18c show the scalar sum of all the jet pT ’s (HT ). We see
that gluino continuum case has a slightly bigger HT , due to the extra jets
from the 2 body decays. Fig. 18d to 18f show the transverse missing energy
(MET) distributions. One can think of it as the vector sum of all the jet pT s
in this case. Since there are more jets in the gluino continuum decay, their
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Figure 17: Comparison of MSSM gluino (blue) and gluino continuum (ma-
genta) for different masses of LSP at the LHC with 13 TeV. Distributions
are all normalized to 1. The chosen benchmarks are an MSSM gluino with
a mass of 1.65 TeV and a gluino continuum with µg = 1.5 TeV, which have
equal production cross sections.
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Figure 18: Comparison of MSSM gluino (blue) and gluino continuum (ma-
genta) for different masses of LSP at the LHC with 13 TeV. Distributions
are all normalized to 1. The chosen benchmarks are an MSSM gluino with
a mass of 1.65 TeV and a gluino continuum with µg = 1.5 TeV, which have
equal production cross sections.
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emission can be more spread out in the transverse plane, yielding a smaller
MET. The effects of a boost in HT and decrease in MET due to the extra
softer jets in the gluino continuum decays are less prominent in the case of
either very light (mχ0 = 100 GeV) or heavy (mχ0 = 1200 GeV) LSP. This is
easy to understand. With a very light LSP, jets from the three body decays
are so energetic that the existence of the extra softer jets hardly have an
impact on the final state kinematics. With a very heavy LSP, the overall jet
activity is reduced, hence a fractional increase due to the extra softer jets
can hardly be seen. It is only in the intermediate LSP mass range where we
see a detectable difference between the continuum and MSSM gluino decays.
Table 1: Cutflow for the benchmark study, which looks at the 10j0b bin from
CMS’s inclusive MT2 search using 137fb
−1 data.
(µg˜,mLSP) Initial HT >1500&MT2 >400 10j0b ∆φ(p
miss
T , j1,2,3,4)
GeV @137fb−1 &pmissT >30 GeV > 0.3
(1500,100) 706 667 121 86
(1500,500) 706 584 105 75
(1500,1200) 706 119 27 20
Due to the existence of extra jets from the long cascade in the gluino con-
tinuum decay and the fact that they do not alter the final state kinematics
too much compared to MSSM gluino decay, the type of gluino continuum de-
cay studied in this section is within the target of traditional SUSY searches.
For instance, CMS’s inclusive MT2 search [34] has a 10j0b bin which would
pick up the continuum signal easily for the first two benchmarks with an
LSP mass of 0.1 TeV and 0.5 TeV (Table. 1). The fact that this bin does
not have any excess with a luminosity of 137−1fb rule out these two bench-
mark points. The last benchmark with LSP mass of 1.2 TeV represents the
so-called compressed type of spectrum which often has little MET. There
exist search techniques targeting this special type of SUSY spectrum, often
including triggering on a hard initial state radiation (ISR) jet and construct-
ing special kinematic variables. In conclusion, the gluino continuum decay
has the following features in comparison with the MSSM gluino:
• significantly more jets
• slightly larger HT
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• slightly smaller MET
Therefore, with the LSP assumed to have a particle nature, rather than un-
particle, the current run of LHC can be sensitive to gluino continuum decays,
but will produce weaker constraints for comparable gluino mass thresholds.
5 Result and Conclusion
We have investigated the phenomenology of gluino continuum cascade de-
cays at the LHC by examining the production and decay of a regulated
gluino continuum, taking care so that physical observables, such as the cross
section and the decay probabilities, are regulator (zIR) independent. Assum-
ing that the LSP is a particle, we performed a detailed benchmark study and
found that the signature of a gluino continuum is broadly similar to that of
the MSSM gluino except for very special corners of parameter space, where
lighter KK gluinos can start to become long-lived. At generic points there
is an increase in the number of jets and a modest reduction in MET. This
should not be too surprising. Since all the KK modes must decay down the
“ladder” to the lightest KK gluino, which then generically decays like the
usual MSSM gluino decays. The signature is simply the MSSM gluino decay
with additional, softer jets emitted while going down the ladder. This picture
can change qualitatively if the LSP itself becomes part of a continuum. For
example, if the continuum LSP is mainly a bino, the highly excited KK bino
can undergo 3-body decays to a lighter KK bino and two jets via off-shell
squarks, therefore further depleting the transverse missing energy. This of-
fers new directions to look for SUSY hiding in a continuum. The methods we
have developed here should also be easily transferrable to other models with
similar phenomenology, most notably “clockwork/linear dilaton” models [39].
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A Holographic Action
According to the AdS/CFT conjecture, the same physics can be described by
a strongly coupled CFT or by an AdS bulk theory. Since we are interested in
probing the LH bulk fields, we fix the boundary value of the RH superfield
Φc(zUV ) = Φ0. This can be achieved by adding a boundary action to the
original bulk action:
SUV =−
∫
d4x
1
2
(
R
zUV
)3 ( ∫
d2θΦ(zUV )Φ0 + h.c.
)
=−
∫
d4x
1
2
(
R
zUV
)3 (
φF0 + Fφ0 + χψ0 + h.c.
)
.
(A.1)
Now the UV boundary conditions from varying the fields are modified:
δSUV =
∫
d4x
1
2
(
R
zUV
)3
[(Fc − F0)δφ− δFcφ+ (φc − φ0)δF − δφcF
+(ψ − ψ0)δχ− χδψ + h.c.] (A.2)
Therefore,
ψ(zUV ) = ψ0 , φc(zUV ) = φ0 , Fc(zUV ) = F0 , (A.3)
as desired. Then one puts the bulk fields on-shell using the equations of
motion, which leaves us with only a boundary action:
Sholo = SUV = −
∫
d4x
1
2
(
R
zUV
)3 (
φF0 + Fφ0 + χψ0 + h.c.
)
. (A.4)
We can think of the boundary fields ψ0, φ0, F0 as the sources coupled to
the bulk fields χ, F, φ, respectively. From (A.3), we can normalize the field
ψ(p, z) as:
ψ(p, z) =
(
z
zUV
)3/2
fR(p, z)
fR(p, zUV )
ψ0(p) . (A.5)
Comparing with (2.5), we see that
ψ4(p) ≡ ψ0(p)
fR(p, zUV )
. (A.6)
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Using the coupled equations of motion of the Dirac fields ψ4 and χ4 we get
χ(p, z) =
(
z
zUV
)3/2
fL(p, z)
fR(p, zUV )
pµσ
µ
p
ψ¯0(p) . (A.7)
Therefore, the fermionic holographic action is given by
Sholo[ψ0] = −
∫
d4p
(2pi)4
(
R
zUV
)3
fL(p, zUV )
fR(p, zUV )
pµσ
µ
p
ψ¯0(p)ψ0(−p) . (A.8)
In position space we have:
Sholo[ψ0] = −
∫
d4x
∫
d4yψ0(y)∆
−1
ψ (x− y)ψ¯0(x) , (A.9)
∆−1ψ (x− y) =
∫
d4p
(2pi)4
e−ip(x−y)
(
R
zUV
)3
fL(p, zUV )
fR(p, zUV )
pµσ
µ
p
. (A.10)
So we see that this action is indeed non-local.
To interpret these results, we can think of putting fields on-shell as equiv-
alent to integrating them out in the path integral. Schematically,
Z[ψ0] = eiSholo[ψ0] =
∫
d[Oχ]eiS[Oχ]+i
∫ Oχψ0 . (A.11)
Therefore, one can think of the equation above as a generating functional of
the 4D CFT field Oχ with ψ0 acting as a source. This allows us to derive the
correlation function between Oχ by taking functional derivatives of lnZ[ψ0]
with respect iψ0. We are particularly interested in the two point correlation
function
〈Oχ¯(x)Oχ(y)〉 = δSholo
δψ¯(x)δψ(y)
= ∆−1ψ (x− y) . (A.12)
From general knowledge of QFT, we can insert a complete set of states into
the correlator,
〈Oχ¯(x)Oχ(y)〉 =
∫
FC
d4p
(2pi)4
e−ip(x−y)
∑
λ
|〈Oχ|λ0〉|2 , (A.13)
where FC stands for forward light cone, which only allows physical states.
We see that the spectral density of this theory is proportional to the kinetic
function:
Σψ(p) =
(
R
zUV
)3
fL(p, zUV )
fR(p, zUV )
pµσ
µ
p
. (A.14)
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We will see that this agrees with the spectrum in the KK picture when
the IR regulating brane is taken to infinity. From [20], one can obtain an
effective unparticle action for the LH CFT fields Oχ by applying a Legendre
transformation to the holographic action (A.8). It can be shown that the
propagator for the unparticle Oχ is proportional to Σψ.
The kinetic functions for the scalars are
ΣF (p) =
(
R
zUV
)3
fL(p, zUV )
fR(p, zUV )
1
p
, (A.15)
Σφ(p) =
(
R
zUV
)3
fL(p, zUV )
fR(p, zUV )
p , (A.16)
which are related to the kinetic functions of the fermions by SUSY. The
solutions for fL and fR are Whittaker functions given by
M(k,m, z) =zm+1/2e−z/2
∞∑
n=0
(m− k + 1/2)n
n!(2m+ 1)n
zn ,
W (k,m, z) =
Γ(−2m)
Γ(1/2−m− k)M(k,m, z) +
Γ(2m)
Γ(1/2 +m− k)M(k,−m, z) ,
where (x)n ≡Γ(x+ n)
Γ(x)
.
(A.17)
We adopt outgoing wave boundary conditions, thus excluding the Whittaker
function of the first kind, M(κ,m, z), and take zUV = R. Therefore,
ΣF (p) =
W (κ, 1
2
+ c, 2
√
µ2 − p2zUV )
W (κ,−1
2
+ c, 2
√
µ2 − p2zUV )
√
µ2 − p2 + µ
p2
. (A.18)
B The KK Tower and the Continuum Limit
We see that in (A.13), one can insert a complete set of states to get the
spectral density for the fields. In the holographic picture, we get the kinetic
function as a result. In the KK picture (with an IR regulator brane), the
complete set of states now contain all the KK modes above the mass gap:
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〈Oχ¯(x) Oχ(y)〉 =
∫
FC
∑
n
d3p
(2pi)32En
e−ip(x−y)|〈Oχ|mn〉|2
=
∫
FC
∑
n
d4p
(2pi)4
e−ip(x−y)
i
p2 −m2n + i
|fL(mn, zUV )|2 .
(B.1)
Therefore, we expect that for p > µ:
ImPKK = Im
∑
n
1
p2 −m2n + i
|fL(mn, zUV )|2 zIR→∞−−−−→ ImΣF (B.2)
for the scalar case.
Taking zIR →∞ in the KK picture, the masses of the KK modes become
more and more closely spaced and the sum in (B.2) becomes an integral.
One should also include the Jacobian factor when taking such a limit. From
(2.34), we have
1 = ∆n =
zIR
pi
mnδmn√
m2n − µ2
= (
zIR
pi
)2
mnδmn
1
4
+ n
. (B.3)
Therefore,
PKK →
∫
dmn(
zIR
pi
)2
mn
1
4
+ n
|fL(mn, zUV )|2
p2 −m2n + i
. (B.4)
Cauchy’s integral formula can be used to obtain the imaginary part of the
integral above, namely
ImPKK
zIR→∞−−−−→ ( z
2
IR
(1
4
+ n)2pi
|fL(p, zUV )|2 , ∀p = mn . (B.5)
Fig. 19 compares the spectral density function calculated in both KK and
continuum picture for a chosen benchmark. An approximation to the spectral
function valid only when µ  p  1/zUV is also plotted. Its analytic form
is given by [32]:
pi
2
1
p2zUV
(
pi2
4
+ (γE + log[
zUV
2
√
p2 − µ2])2
) . (B.6)
34
0 5 10 15 20
0
1
2
3
4
p [TeV]
ρ/z UV
[TeV
-1 ]
μ = 1 TeV zUV = 10-3TeV-1 zIR = 100 TeV-1 c = 0.5
Figure 19: Blue dots are calculated from the KK picture in (B.5). The
red curve is the continuum spectral function given by Im ΣF . The yellow
dashed line is an approximation to the spectral function valid only when
µ p 1/zUV .
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